Three trials were carried out with pigs between 5 and 8 wk of age to determine the limiting order of amino acids in a 13.5% CP cornsoybean meal-based diet containing 8% dried whey. The positive-control diet was a 19.2% CP corn-soybean meal-based diet (1.15% lysine), also with 8% dried whey. Amino acid additions to the low-protein, negative-control diet were based on levels needed to accomplish 110% of ideal ratios (to lysine, set at 1.15%). In Exp. 1, the addition of an amino acid mixture containing Lys, Trp, Thr, Met, Ile, and Val to the low-protein diet increased ( P < .05) gain and gain: feed ratio, and these response traits were not different from those of pigs fed the 19.2% CP positive-control diet. Single deletion of Lys from the supplemental amino acid mixture depressed performance to a greater ( P < .05) extent than single deletion of any of the other amino acids. Single deletions of Trp, Thr, Met, or Val decreased ( P < .05) performance in a similar but lesser magnitude than the decrease caused by Lys deletion, whereas Ile deletion was without effect. Experiments 2 and 3 were designed to evaluate the limiting order of AA beyond Lys in the low-protein diet. Neither His nor Glu were found to be deficient, and, as in Exp. 1, deletion of Trp, Thr, Met, or Val from the supplemental amino acid mixture resulted in performance depressions ( P < .05) that were similar. The results suggest that Lys is first-limiting and Trp, Thr, Met, and Val are equally second-limiting in a reduced protein (13.5% CP) corn-soybean meal-based diet with 8% whey for 10-kg pigs.
Introduction
Confusion exists concerning the limiting amino acids and their order of limitation for young growing pigs fed low-protein diets based on corn and soybean meal. Russell et al. (1983) studied pigs that weighed between 14 and 23 kg initially and that were fed Lysfortified, corn-soybean meal diets of either 16 or 12% CP. Growth trials 28 d or greater in duration revealed that Trp and Thr were equally second-limiting, after Lys. Also, their results suggested that Ile was not a limiting amino acid in the negative-control diet but that Met may be fourth-limiting, after Lys, Trp, and Thr. In a follow-up study on 20-kg pigs, Russell et al. (1987) evaluated an 11% CP corn-soybean meal diet containing supplemental Lys, Trp, and Thr. Their results suggested that this low-protein diet was not deficient in either Met or total nitrogen but was deficient in Val.
The purpose of our study herein was to clarify the limiting amino acids, and their order, for 10-kg pigs of a high-lean gain genotype that were fed a 13.5% CP corn-soybean meal diet containing 8% dried whey. Three amino acid deletion experiments were carried out involving the essential amino acids Lys, Trp, Thr, Met, Val, Ile, and His, and also Glu as a source of nonspecific amino nitrogen.
Materials and Methods
All experimental procedures were approved by the University of Illinois Committee on Laboratory Animal Care. Preceding each experiment, pigs were allowed a 2-wk adjustment period following weaning at 21 d of age into an environmentally controlled 5 Fortification levels of amino acids were based on calculated rather than analyzed levels of amino acids, because complete analytical data were not available before carrying out Exp. 1, 2, and 3. nursery facility where they were offered a phase I complex diet for ad libitum consumption.
Experiment 1
A total of 108 (Line 326 sire × C22 dams; PIC, Franklin, KY) nursery pigs with an average initial body weight of 8.8 kg and average age of 35 d was used in a 21-d growth assay. Following a 12-h period of feed deprivation, pigs were assigned to uniform blocks based on ancestry and body weight. They were then allotted randomly from within blocks to pens and treatment diets. There were three pigs per pen and four pens per treatment.
Treatment diets included Diet 1, a corn-soybean meal-based diet (19.2% CP, 1.15% lysine), fortified with 8% dried whey (representing a typical commercial diet) that served as a positive control (Table 1) ; Diet 2, a low-protein (13.5% CP, .64% lysine) cornsoybean meal-whey-based diet that served as a negative control; Diet 3, the same 13.5% CP diet fortified with crystalline amino acids to reach 110% of ideal amino acid concentrations (Baker, 1997) , using 1.15% Lys as a reference point 5 ; and Diets 4 through 9, the 13.5% CP fortified diet with single amino acid deletions (Lys, Trp, Thr, Met, Ile, or Val, respectively). Diets were adjusted to 100% by varying the amount of cornstarch. All other nutrients met or exceeded NRC (1998) nutrient recommendations. Diets were fed in meal form.
The pigs were housed in an environmentally controlled nursery with 100% woven-wire flooring. Each pen (1.2 m 2 ) was equipped with a five-hole selffeeder and one nipple waterer to allow ad libitum consumption of feed and water. Temperature at the animal level was 25°C. Pigs and feeders were weighed at the initiation and completion of the growth assay to allow calculation of average daily gain, average daily feed intake, and gain:feed ratio. Diets were analyzed for crude protein ( N × 6.25) according to AOAC (1995) procedures; amino acid concentrations in the two basal diets (Table 1 ) were also quantified by ionexchange chromatography (Spackman et al., 1958) following 24-h acid hydrolysis. Performic acid preoxidation preceded acid hydrolysis in the determination of Met and cystine, and LiOH hydrolysis preceded ionexchange chromatography for quantification of Trp.
Pen means data were analyzed as a randomized complete-block design using the GLM procedures of SAS (1990) . Means were separated using the new least significant difference multiple pairwise comparison procedure of SAS (1990) with alpha set at .05 or .07.
Experiment 2
A total of 360 (Line 326 sire × C22 dams; PIC, Franklin, KY) nursery pigs with an average initial body weight of 9.0 kg and average age of 35 d was used in a 21-d growth assay. Preexperimental management of animals and allotment to pens and treatments were the same as for Exp. 1. There were five pigs per pen and eight pens per treatment. The experiment was replicated in time such that four pens of five pigs per dietary treatment were used at each time period. Treatments included the same positive control as in Exp. 1. The 13.5% negative-control diet in Exp. 2 (Diet 2 ) contained supplemental Lys and Ile. Diet 3 contained supplemental amino acids (Trp, Thr, Met, Val, His, and Glu) that were considered potentially limiting after Lys. Each of the amino acids in Diet 3 was then individually deleted (Diets 4 to 9 ) such that relative growth depressions could be assessed. Animal housing and management, data collection procedures, diet analysis, and statistical treatment of data were as described for Exp. 1. 
Experiment 3
A total of 147 (mixed color-line sires × mixed whiteline dams) nursery pigs with an average initial body weight of 8.9 kg and average age of 35 d was used in a 21-d growth assay. Preexperimental management of animals and allotment to pens and treatments were the same as in Exp. 1. There were seven pigs per pen (2.8 m 2 /pen) and three pens per treatment. Treatments included the same positive and negative controls as in Exp. 2. Amino acids under test included Trp, Thr, Met, and Val. Unlike the other two experiments, which were conducted at the University of Illinois Swine Research Center, this experiment was conducted in an all-in all-out commercial 27°C nursery (United Feeds, Gridley, IL). Diet preparation was done at the University of Illinois Swine Research Center using the same ingredients as for Exp. 1 and 2. Animal management, data collection procedures, diet analysis, and statistical treatment of data were the same as described for Exp. 1. Each pen in Exp. 3 contained a six-hole self-feeder and two nipple waterers.
Results

Experiment 1
Weight gain and feed efficiency were decreased ( P < .05) in pigs fed the low-protein (13.5% CP) negativecontrol diet compared with pigs fed the fully adequate high-protein (19.2% CP) positive-control diet ( Table  2) . Addition of crystalline amino acids (Lys, Trp, Thr, Met, Ile, and Val) to the low-protein diet increased ( P < .05) rate and efficiency of weight gain to levels that were not different ( P > .10) from those obtained for pigs fed the 19.2% CP positive-control diet. Deleting Lys, Trp, Thr, Met, or Val from the amino acidsupplemented diet depressed ( P < .05) weight gain, but only Lys deletion reduced ( P < .05) gain:feed ratio. This suggested that, as expected, Lys was firstlimiting in the 13.5% CP diet.
The order of amino acid limitation after Lys in the low-protein diet was not obvious. The best that could be concluded was that Trp, Thr, Met, and Val were deficient in the 13.5% CP diet, whereas Ile was not. The performance data of Exp. 1, in fact, suggested that Trp, Thr, Met, and Val might be equally limiting after Lys.
Experiment 2
This experiment was conducted in an attempt to confirm the somewhat surprising results of Exp. 1, but also to examine the possibility, albeit remote, that His or nonspecific amino nitrogen (as Glu) might be limiting in the 13.5% CP diet. The assumption was made, based on Exp. 1 results, that Lys was firstlimiting and Ile was not limiting in the low-protein, negative-control diet. Hence, attention was focused on establishing the order of amino acid limitation after Lys.
The addition of Trp, Thr, Met, Val, His, and Glu to the (Lys-and Ile-fortified) 13.5% CP diet increased ( P < .05) gain and gain:feed ratio (Table 3) , but neither criterion reached the levels achieved by pigs fed the 19.2% CP positive-control diet ( P < .05). Deletion of Trp, Thr, Met, or Val depressed ( P < .05) the rate and efficiency of gain compared with the levels achieved by pigs fed the amino acid-fortified 13.5% CP diet. Moreover, the reductions in performance caused by deleting any one of these four amino acids could not be separated as to magnitude. However, deletion of either His or Glu from the amino acid mixture did not depress performance. Table 4 . The use of a deletion assay to determine the limiting order of amino acids after lysine in a 13.5% crude protein corn-soybean meal-whey diet for nursery pigs (Exp. 3) a a Data are means of three pens of seven pigs during a 21-d feeding period (35 to 56 d of age); average initial and final body weights were 8.9 and 18.7 kg, respectively.
b Diet as shown in Table 1 , but also containing .66% L-Lys·HCl and .17% L-Ile. c Levels added or deleted were L-Trp, .06%; L-Thr, .26%; DL-Met, .27%; L-Val, .18%. w,x,y,z Means within columns followed by different superscript letters are different ( P < .07). 
Experiment 3
The aim of this experiment was to determine the limiting order of amino acids (after Lys) in the 13.5% CP diet for pigs in an all-in all-out environment (Table 4) . Based on the results of Exp. 1 and 2, we assumed that Lys was first-limiting and that Ile, His, and Glu were not limiting in the low-protein negativecontrol diet. Thus, only Trp, Thr, Met, and Val were examined in this deletion assay.
In agreement with the previous two assays, the rate and the efficiency of gain were depressed ( P < .05) in pigs fed the low-protein negative-control diet compared with pigs fed the high-protein positive-control diet. The addition of Trp, Thr, Met, and Val to the 13.5% CP (Lys-and Ile-fortified) negative-control diet restored ( P < .05) growth performance to the levels of the 19.2% CP positive-control diet. Deletion of Trp, Thr, Met, or Val from the amino acid mixture depressed weight gain, but the decrease was significant ( P < .07) only for Thr or Val deletion. Gain:feed ratio was decreased ( P < .07) only when Thr was removed from the amino acid mixture provided in the low-protein diet.
Discussion
Amino acid concentrations in the low-and highprotein diets are shown in Table 1 . Ideal levels (Baker, 1997) of amino acids were considered to be 1.15% Lys, .69% Met + Cys, .75% Thr, .195% Trp, .78% Val, and .69% Ile. Relative to these values, the highprotein diet met or exceeded the ideal concentrations of all amino acids under consideration. However, the 13.5% CP negative control in all cases fell short of the target ideal amino acid concentrations. Thus, relative to the ideal concentrations for pigs in the 10-to 20-kg weight range, Lys was at 56%, sulfur amino acids ( SAA) were at 71%, Thr was at 75%, Trp was at 75%, Ile was at 83%, and Val was at 91% of the desired levels. Thus, an estimate of the predicted order of amino acid limitation in the 13.5% CP diet was Lys, first; SAA, second; Thr and Trp, third; Ile, fifth; and Val, sixth. Attempts to make these same calculations on a true digestibility basis resulted in a similar predicted order of amino acid limitation.
It was surprising that Val was found to be as limiting as Trp or Thr in the 13.5% protein negativecontrol diet. In fact, the data did not allow clear separation of the limiting order of amino acids, following Lys. This could be taken as evidence that the NRC's (1998) estimated Val requirement of .79% for pigs in the 10 to 20-kg weight range is too low. Likewise, our predicted ideal ratio (Baker, 1997) of Val:Lys of 68% may be too low. Moreover, that Ile was not found to be deficient in the low-protein, negativecontrol diet suggests that the assumed ideal Ile:Lys ratio of 60% may be too high.
The only Val requirement studies that have been done with pigs in the 10-to 20-kg weight category are those of Jackson et al. (1953) , who used an amino acid-fortified corn basal diet, and Mitchell et al. (1968) , who used a casein-based purified diet. The pigs used in those studies did not grow optimally, and the requirement estimates arrived at were far lower than the .79% level estimated for 10-to 20-kg pigs by NRC (1998). Pigs of today have much greater lean growth potentials than those used 30 yr ago. Hence, work is needed on the Val requirement of young pigs and on the ideal ratio of Val:Lys. Lewis and Nishimura (1995) studied the Val requirement of finishing (70 kg) pigs considered average in lean growth potential. Their requirement estimate was close to .50%, which is about 67% of the NRC (1998) estimated requirement of Lys for 70-kg pigs.
Implications
Valine was as limiting as tryptophan, threonine, or methionine in a 13.5% protein corn-soybean meal diet for 10-kg pigs. This suggests that the valine requirement of 10-kg pigs may be higher than the National Research Council (1998) has predicted. The data clearly showed that valine was more limiting than isoleucine in a reduced-protein corn-soybean meal diet for young pigs.
